Simulation of metal-semiconductor-metal devices on heavily compensated Cd0.9Zn0.1Te J. Appl. Phys. 112, 104501 (2012) Electrostatics and electrical transport in semiconductor nanowire Schottky diodes Appl. Phys. Lett. 101, 183103 (2012) Strength analysis and optimisation of double-toroidal anvils for high-pressure research Rev. Sci. Instrum. 83, 093902 (2012) Reliability issues for a bolometer detector for ITER at high operating temperatures Rev. Sci. Instrum. 83, 10D724 (2012) Incorporation of the stress concentration slots into the flexures for a high-performance microaccelerometer Rev. Sci. Instrum. 83, 075002 (2012) Additional information on AIP Conf. Proc. Abstract. Studies developed over the past ten years, since the inception of microfluidics, showed that the electric force can be the ideal candidate for spatial precision control of the particles suspensions movement in an operating fluid (electrohydrodynamics). A very high electric field can be obtained and the electric force can be highly localized because the electrodes are placed cross a small distance (from sub-millimeter to a few microns). Dielectrophoretic (DEP) force is exerted when a neutral particle is polarized in a non-uniform electric field, and depends on the dielectric properties of the particle and those of the suspending medium. The integration of DEP and microfluidic systems permits numerous applications in different areas as micro/nano particles manipulation and filtration, nanoassembly, biosensors, cell therapeutics, drug discovery, medical diagnostics. This paper presents the basics of the dielectrophoresis theory, different examples of electrodes configuration for particle manipulation together with a set of numerical results obtained in the frame of a two-dimensional mathematical model. The numerical solutions are computed using the finite element method.
INTRODUCTION
Methods utilizing electric fields are emerging as most promising techniques for nanoparticle manipulation [1] [2] [3] [4] [5] . For most applications involving micrometer and submicrometer particles, forces that tend to dominate in microdevices are viscous forces and electrical forces. Electrical forces can act both on particles and on the suspending fluid. Dielectrophoresis (DEP) is the most appropriate approach which is highly compatible with microfluidics systems [3] . Electrodes of different configurations and dimensions can be integrated with the geometrically constrained bodies of microfluidic systems for inducing electric fields within the volume of the liquid. Micro and nano particles suspended in the liquid can then be manipulated using dielectrophoretic forces which are produced upon the application of voltages to these electrodes. Dielectrophoresis occurs when a neutral particle is placed in a non-uniform electric field and experiences a translational force due to the polarization effect induced in the particle. The strength of the DEP force strongly depends on the medium and particles' properties (such as their dimensions and morphologies) and on the frequency, phase and magnitude of the electric field. The DEP force can be positive or negative. Positive DEP force traps particles in regions with strong electric field gradients, while negative DEP force repels them from such regions. Dielectrophoresis is well suited for applications such as separation and sorting of nanoparticles, trapping and assembling, purification and characterization in a wide range of environmental, biological, and clinical applications [3] [4] [5] .
THEORETICAL CONSIDERATIONS
In a uniform electric field (Fig. 1a) Coulomb forces are generated on both sides of a particle which are equal in magnitude and opposite in direction, resulting in zero net force on the particle. However, when the electric field is nonuniform (Fig. 1b) , the Coulomb forces on either side of the particle can be different, and the overall force results in particle motion. Since the direction of the force is determined by the spatial variation of the field, the particle always moves toward/against the direction of the electric field maxima. The phenomenon can be observed under the influence of either alternating current (AC) or direct current (DC) electric fields. In an AC electric field the direction of the induced force does not change and generally the time average is used for calculation of the DEP force. The dielectrophoresis which is produced by the magnitude of the electric field gradient is called "classical dielectrophoresis".
(a) (b) (c) FIGURE 1. (a) A particle experiences zero net force while suspended in a uniform electric field; (b) A particle experiences the DEP force because of the magnitude of the gradient of the electric field; (c) A particle experiences the DEP force because of the electric field phase gradient.
Traveling electric waves can also be used for the generation of DEP forces. However, no polarized particle can be manipulated with the actual velocity of electromagnetic waves. Virtual slowing down of electromagnetic waves is realized by using arrays of electrodes excited with phase-shifted AC signals. The dielectrophoresis resulting from such an electric field phase gradient is called "traveling wave dielectrophoresis" (Fig. 1c) . As there is no phase gradient existing in DC electric fields, traveling wave dielectrophoresis can only be produced by AC electric fields.
DEP manipulation can be achieved using both positive and negative DEP forces. These DEP forces can attract or repel particles from regions with large electric field gradients. Because the distribution of the electric field strongly depends on the configuration of the electrodes, optimizing the configuration is critical to achieve the most efficient manipulation systems. One of the most popular designs is "parallel finger paired electrodes", as illustrated in Fig. 2a which presents a typical DEP array of rectangular shape electrodes. The virtual slowing down of electromagnetic waves is realized by using arrays of electrodes excited with phase-shifted AC signals [2, 6] . The electrodes generate the greatest electric field gradient directly above their surface, and, hence, can effectively trap or repel the particles nearby. This design offers a large trapping area in microfluidic systems by adjusting the ratio of the length of the fingers to the micro-channel width. This design is widely used for the fabrication of devices such as sensors and field-effect transistors, and for particles trapping. Arrays of micro tip electrodes can be used for improving the effective manipulation area. These arrays can be further transformed into "castellated electrode" configurations, as illustrated in Fig. 2b [3, 5] . Such configurations can be employed for the trapping and separation of particles within microfluidic channels, and for the fabrication of micro-electronic devices.
To determine the electric field and the dielectrophoretic forces, the electrical potential is calculated for a defined space and set of boundary conditions (that represent the electrode array). Considering a potential oscillating at frequency Z defined as: 
The time-averaged force components (DEP and twDEP) can be expressed as [1]:
where r k and i k are the real and imaginary parts of the Clausius-Mossotti factor [1, 2] :
with p H and m H the absolute complex permittivity of the particle and the medium, respectively, which depends on the dielectric properties of the particles and medium and on the geometry of the particles.
NUMERICAL RESULTS
The numerical study deals with the computation of the DEP and twDEP forces for a typical DEP array of rectangular shape electrodes as sketched in Figure 2a 
and respectively:
The numerical simulations were performed using a finite element code, FreeFEM++ [8] . For the validation of the code the dimensionless Laplace equations for the potentials were numerically computed considering a domain with , y x z L L L and uncharged sidewalls, together with a harmonic electric potential
imposed at the boundaries y L r ; the quantity q represents the wave number [9] . This simplified problem has an analytical solution
, and the expression of the corresponding dielectrophoretic force is
, where we noted . The first component represents the twDEP force, while the second component is the DEP force. The comparison between the analytical and the numerical solutions is presented in Fig. 3 and reveals an excellent agreement. For the computation of the dielectrophoretic force for a more realistic case presented in Fig. 2a , we solved Eq. (2) for the real and imaginary components of the potential, together with the associated boundary conditions. Due to the symmetry of the problem and considering the electrodes long compared to their width, the problem can be considered two-dimensional. The computational domain and the boundary conditions can be assumed as shown in Fig. 4 , where the particular case l=d was considered. The computation of the forces field reveals a highly inhomogeneous distribution. The details presented in Fig. 5 show that both DEP and twDEP forces vary rapidly in the vicinity of the electrode edge. For the chosen geometry, one observes that the amplitudes range over more then three orders of magnitude, with the highest values at the electrode's limits. The transverse variation of the calculated values of the dimensionless DEP force for different longitudinal coordinates is depicted in Fig. 6 . One can see that the dielectrophoretic effect is important only in a quite narrow layer of the microfluidic device. The DEP force in the vicinity of the margin is more than 200 times bigger than in the middle of the electrode. Performing simulations for different geometries of the electrodes, an optimal structure can be finding, in order to enhance the efficiency of the process. 
CONCLUSIONS
This paper presents the basics of the dielectrophoretic theory, different examples of electrodes configuration for particle manipulation and a set of numerical results obtained in the frame of a two-dimensional mathematical model. The numerical study deals with the computation of the DEP and twDEP forces in a planar electrode array configuration. First the validation procedure is described and next the dielectrophoretic forces are computed for geometry closed to a typical experimental setup. The numerical results show that the magnitudes diminish rapidly with the distance in the vicinity of electrodes. This type of simulations can be performed for electrodes of different configurations and dimensions, leading to an optimal control of the induced electric fields within the volume of the liquid. Micro and nano particles suspended in the liquid can then be manipulated using dielectrophoretic forces which are produced upon the application of voltages to these electrodes.
